An autonomous and continuously operating Radio Frequency Identification (RFID) temperature sensor is designed, manufactured, and tested. This sensor is battery-free and can detect temperature threshold crossings for multiple (room-to-cold and cold-to-room) temperature cycles, respectively. The proposed sensor conveys temperature threshold crossings through the controlled switching of its operating frequency within the 902-928 MHz Ultra High Frequency (UHF) RFID band. For the first time, shape morphing cold-temperature reactive Liquid Crystal Elastomers (LCEs), which provide reversible actuation, are utilized. The proposed sensor design consists of a patch antenna with a customized slot. A passive mechanical switch is connected across this slot and provides the frequency switching as it is activated and deactivated. The integration of this switch with the antenna is achieved using a co-simulation method. Furthermore, the cold-temperature reactive LCE triggers the switch when a temperature violation has occurred, thereby switching the operating frequency of the sensor based on temperature changes. Additionally, a high-dielectric constant substrate and a single matching network that operates at two discrete frequencies are used to design our compact frequency-domain temperature sensor. Moreover, based on the RFID platform, this sensor operates effectively in close-proximity to other sensors. Also, is provides identification and temperature information through an autonomous, continuous, and cost-effective design. Therefore, the proposed sensor has the potential for operation in the Internet of Things (IoTs) applications, where large amounts of data is collected from numerous sensors to extract valuable information for the benefit of users, manufacturers, and delivery companies in the virtual domain of the internet. Finally, ANSYS HFSS and Circuit Designer are used for the simulation modeling. The performance of our sensor is validated using measurements and simulations that agree very well.
I. INTRODUCTION
The Cold-Supply-Chain (CSC) deals with the delivery of perishable foods and pharmaceutical products that must be kept in an uninterrupted and controlled temperature environment from the manufacturer to the end-user [1] . Additionally, the CSC ensures the longevity, safety, and quality of such items. The temperatures at which these items are maintained at during the delivery cycle range from −1 • to 10 • C [2] , [3] . Conversely, when foods, such as, fruits, The associate editor coordinating the review of this manuscript and approving it for publication was Kai Yang . vegetables, and meats, are exposed to excessively high or low temperatures, they experience discoloration and loss of nutrients [2] . Also, if medications are not kept in the appropriate temperature range, they lose their potency [3] . Currently, the CSC is continuously developing due to growing populations, developing nations, technology advancements, and federal regulations promoting the use of the CSC [4] . As a result, 65% of the retail food market presently consists of fresh-food products [5] .
Presently, temperature monitoring is conducted at three points during the delivery cycle from the supplier to the consumer [6] ; namely, at the sending and receiving stations, and VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ at the transportation containers. Temperature conditions at each of these discrete locations are recorded and then used to assess the overall condition of the perishable goods. However, a significant problem within this process of monitoring exists. That is, the temperature conditions due to any anomalies at any intermediate stage are unaccounted. Common anomalies that often occur in the CSC are malfunctioning refrigeration equipment, extended wait-times at cargo bays, and operator errors (e.g., constantly opening and/or leaving the container doors open, failure to pre-cool, and road accidents) [7] . Additionally, the improper placement of perishable items within the delivery vehicle and inadequate packaging also inhibit perishable products from being maintained at the proper temperature during the delivery cycle [2] , [7] . Hence, at some point along the delivery cycle a perishable item could be exposed to unacceptable temperature conditions without the knowledge of the end-user. As a result of these common anomalies, 30% of fresh-food products are damaged during transit [6] . In 2015, the global sales of organic foods amounted to approximately $81.6 billion [8] . Therefore, due to the safety and financial risks associated with the delivery of perishable foods and pharmaceuticals in the CSC, an effective sensor solution to monitor such essential foods and medications is necessary. Radio Frequency Identification (RFID) technology provides a favorable platform with an established and standardized communication protocol that can support passive wireless sensing in real-time for continuous monitoring [9, pp. 43-46] . The prevalent use of RFID technology is in cataloging, identifying, and tracking people and/or objects [9, pp. 15-22] . However, this technology can also have a dominant impact in the application of sensing as well [10] . Sensing using RFID technology can be acquired in two ways. The first method involves incorporating a separate sensing IC which performs the detection. This is then translated to the digital domain and transferred to the reader wirelessly. The data is then decoded, using an additional layer of software to convey the tracked information. Unfortunately, this design methodology accounts for active and semi-active tag designs, which require power sources on the tags (i.e., batteries). The second method consists of designing the RFID antenna so that it serves as both the sensing and communication element. This design methodology is promising as it provides purely passive (i.e., battery-free) and inexpensive RFID tags. Therefore, the latter method is pursued here to produce a passive RFID temperature sensor for the CSC.
Furthermore, RFID technology can effectively operate in dense environments (i.e., hundreds of RFID tags in closeproximity); therefore, it is suitable for collecting data on a large scale to provide useful information [11] . Specifically, RFID readers can collect and relay data through the internet so that people and objects can be identified, tracked, and monitored globally, automatically, and in real-time. This system of extracting useful data from thousands of sensors scattered throughout the world is the Internet of Things (IoTs) [12] , [13] . Examples of applications that utilize the IoTs include the investigation of the behavior pattern of people moving throughout a structure [13] , object location tracking [14] - [16] , improved automated traffic control at intersections [17] , enhanced personal based healthcare [18] , and efficient supply chain operations [11] . For example, in the supply chain, each product can have an RFID tag with a unique identifier code for tracking. In this case, each phase of the supply chain would need to be equipped with a reader. Through this dynamic processing, suppliers and consumers would be able to examine the products circulation history. Moreover, manufacturers could share and compare the status of the products' circulation with manufacturing plants in realtime to improve efficiency [19] .
Passive RFID tags for temperature monitoring have been examined before. For example, a passive RFID tag for heat sensing applications was developed by researchers in [20] . This sensor consists of a customized designed antenna that is placed on a substrate of paraffin wax. As the paraffin wax begins to melt due to high temperature exposure, the properties are altered, which de-tunes the operating frequency of the tag in order to detect changes in temperature. Additionally, a sensor was developed in [6] based on shape memory polymers to detect changes in temperature through frequency shifts. Another temperature sensor was presented in [21] , which consists of an antenna that can switch between turning on one or two RFID ICs (depending on the temperature) using a shape memory alloy switch. All these designs are costeffective and can be suitable for CSC applications. However, their capabilities are limited, since they can be used only once, or they must be reset after each time they are triggered by a temperature variation. Hence, these are not convenient solutions. Pragmatic designs should be reusable and be able to detect multiple temperature violations over time without any maintenance or resetting.
Moreover, commercially available semi-active and active RFID tags have been developed for temperature monitoring in the CSC [22] . For example, the Sensor Temperature Dog bone from Smarttrac [23] . This tag consists of an RFID IC, which also serves as the temperature sensor. The temperature information is digitized and wirelessly communicated to the reader. Another example is the Freshtime Sensor RFID Classic Tag, which is a semi-passive RFID tag from Infratab [24] . This sensor utilizes a separate onboard temperature IC sensor, which takes temperature samples and integrates them over time to predict the shelf-life of a product. Finally, IDS Microchip AG has developed the IDS-SL13A, which is a single-chip temperature sensor and data logger [25] . Even though these sensors can monitor fresh-product goods in the CSC, each of them have limitations. In summary, they require additional specialized software, are expensive, require batteries, or do not provide real-time readings. These drawbacks cause vulnerabilities in the robustness of the CSC process.
Therefore, a new CSC wireless sensor is needed that is able to: (a) monitor temperature of individual items or crates, (b) operate without batteries (i.e., passive) in order to provide long operational life and cost-effectiveness, (c) provide continuous temperature monitoring even for reversible fluctuations (e.g., able to detect multiple cycles of room-to-cold and cold-to-room variations), (d) operate autonomously and without requiring any form of resetting, and (e) fit in a small package (i.e., compact) so that it can be conveniently attached to various CSC items. In this work, a compact and passive RFID temperature sensor with these needed features is developed, fabricated, and measured.
Our design utilizes a patch antenna with a slot that is integrated with a switch. The switch is controlled by state-of-the art cold-temperature-responsive Liquid Crystal Elastomers (LCEs). The state of the switch (activated or not) determines the operating frequency of our RFID sensor. Therefore, the proposed sensor can detect changes in temperature through shifts in its operational frequency. Also, LCEs are temperature responsive polymers that are programmable and reversible, [26] , which enables our proposed sensor to monitor temperature continuously (i.e., it is not a single-use sensor) and autonomously (i.e., it does not need resetting), while being passive (i.e., battery-free). Therefore, our sensor is suitable for IoT applications due to its functionality, compact form-factor, and ability to operate in crowded environments (i.e., numerous other RFID sensors can be present nearby).
In summary, our work develops for the first time an autonomous and continuously operating RFID temperature sensor that is battery-free using new shape morphing cold-temperature reactive Liquid Crystal Elastomers (LCEs), which provide reversible actuation. Our sensor uses a patch antenna with a slot and it can detect temperature threshold crossings for multiple (room-to-cold and cold-to-room) temperature cycles through the controlled switching of its operating frequency within UHF RFID band.
Section II of this paper highlights the design considerations along with adapting RFID technology for temperature sensing. Section III discusses the theory and design of our Liquid Crystal Elastomers (LCEs). Subsequently, Section IV presents the design of our patch antenna. Section V provides the details on the fixture that houses and translates the force of the LCE array. Furthermore, Section VI discusses the matching network that is needed to enable operation at two discrete frequencies. Finally, Section VII examines the operation of our sensor in actual environmental conditions.
II. DESIGN CONSIDERATIONS AND OPERATIONAL OVERVIEW A. SENSING METHODOLOGY WITH RFID TECHNOLOGY
Our sensor is designed to reversibly operate at different frequencies depending on the temperature. Specifically, our sensor operates in the high-end of the RFID band at room temperature (state 1) and in the lower-end of the RFID band at cold temperatures (state 2; approximately −9 • C).
B. IMPEDANCE MATCHING AND THE POWER TRANSMISSION COEFFICIENT (PTC)
In the design of the proposed sensor the Alien Higgs III SOT RFID IC was used [27]. According to [6] and [28] , the nominal input impedance is taken as Z IC = 18 -164j across the UHF RFID band. Moreover, a vast number of commercially available RFID ICs have similar complex input impedances [29, pp. 51-54] . For proper operation, it is essential to design an impedance matching network between the antenna and the RFID IC [29, p. 50] [30, p. 78 ]. The impedances of the RFID antenna (Z A ) and RFID IC (Z IC ) are defined respectively as follows:
The power wave reflection coefficient between the antenna and the IC is defined as [31] - [33] :
Furthermore, the Power Transmission Coefficient (PTC) is specified as [32] , [34, pp. 69-71]:
Finally, incorporating (1) and (2) into (3) and substituting the result into (4) the following form of the PTC is derived:
This relation is a figure of merit that is used here. It signifies the degree of matching between the antenna and the RFID IC, where 0 ≤ τ ≤ 1. In the case when τ = 1, a conjugate match Z A = Z * IC is obtained that provides maximum power transfer to the IC [6] , [30, p. 78 ].
C. SENSOR ARCHITECTURE
In this section, we provide a functional overview of the proposed sensor design. A patch antenna with a slot is designed so that a switch can be placed across the slot to provide the desired frequency switching. Notably, in RF design, MEMS or PIN diodes have been used as switches [35] , [36] . However, these are active devices (i.e., they require power sources). To provide a purely passive design, our sensor uses an ultra-subminiature mechanical switch (USMS), [37] , that shorts or opens the antenna's slot. It should be noted that when the switch is ON (i.e., pressed or activated) it provides an approximate open across the slot and when the switch is OFF (i.e., de-pressed or deactivated) it provides an approximate short across the slot. Since the switch provides an approximate short and open at its OFF and ON positions, respectively, incorporation of this switch in our antenna design requires full RF characterization of the performance of the switch, which is done in Section IV.A. In addition, reversible LCEs that react to cold-temperatures (approximately −9 • C) are developed for the first time to control this switch based on temperature. Specifically, an LCE array is designed, where each element consists of a circular cell that is printed in a radial pattern, as shown in Fig. 1 . When exposed to coldtemperatures, each cell in the LCE array forms a cone structure. Together, the array provides the needed force to activate our mechanical switch. A housing is also designed to support and translate the vertical actuating motion of the LCE array to reversibly activate the switch, which is further discussed in Section V. Finally, a matching circuit is designed between our antenna and the RFID IC to support functionality at two discrete frequencies within the RFID band.
III. LIQUID CRYSTAL ELASTOMERS A. LIQUID CRYSTAL ELASTOMER CHARACTERISTICS
Liquid crystal elastomers are soft materials that undergo a reversible change in shape in response to a change in temperature. This shape change results from the coupling of the order of liquid crystals with the elastic behavior of the polymer network [38] . For these materials to undergo shape change in the absence of a load, the liquid crystal phase of the material, typically the nematic phase, must be aligned during processing. This alignment can be achieved with mechanical stretching, directed self-assembly, or 3D printing [39] - [43] . After processing and crosslinking the material, shape change is most commonly induced by heating the LCE. The shape change on heating of a LCE is a length reduction along the alignment direction and, as the shape change is largely volume conserving, a smaller expansion along the two directions perpendicular to the alignment direction. When the alignment is patterned in a spatially complex manner in a flat film the material often deforms into the third dimension.
B. DESIGNING COLD RESPONSIVE LIQUID CRYSTAL ELASTOMERS
While the shape change of LCEs is typically activated by heating, cooling below the processing temperature induces a shape change that is opposite in sign to the shape change observed on heating. For the design of the cold responsive liquid crystal elastomers, we sought to create a liquid crystal elastomer structure capable of providing the necessary force and displacement to trigger a commercial switch. In prior work, cold response has been demonstrated by LCEs that undergo twisting, but this bending-dominated shape change is intrinsically incapable of producing large forces [44] . It has been shown in prior work that flat films that morph into cones are capable of both large displacement and large work capacity [45] . To create films that form cones on cooling, the material must have excess length form along the radial direction with respect to the azimuthal direction. This can be achieved by orienting the LCE in a radial pattern [46] . While several methods exist to create LCEs with complex alignment, here we use direct ink write printing. Importantly, direct ink write printing enables the processing of LCE structures with large thickness (>100 µm), which in turn leads to increased force output. Specifically, we printed three connected LCE disks, with the center of each disk on the vertices of an equilateral triangle with side length (2 cm). Each disk consists of a radial print path 3 layers thick (total thickness approximately 750 µm). The chemistry of the material and printing parameters were previously described in [41] . This three-disk structure actuates to 3 cones on cooling. These three cones can lift a weight of 0.14 N a distance of 1.5 mm (Fig. 2) . This load and displacement is sufficient to actuate the selected switch.
IV. PATCH ANTENNA DESIGN WITH FREQUENCY SWITCHING CONCEPT
The UHF RFID band in the United States is 902 MHz to 928 MHz. This narrow bandwidth of 26 MHz presents a design challenge. Since the goal is to convey temperature threshold crossings through shifts in the frequency of operation, a narrowband antenna is needed. Therefore, a patch antenna is used in our sensor [47] . This antenna is probefed, and it is miniaturized by using a substrate made from a ceramic polymer composite (Rogers TMM 13i) with a high dielectric constant (i.e., ε r = 12.85) [48] . Such high dielectric constant substrate further compresses the operational bandwidth thereby improving the frequency selectivity of the sensor [49] . Also, to be able to switch the operational frequency of our RFID tag, our patch antenna uses a slot. A short can be added and removed as desired across the slot to obtain on-demand switching of the operational frequency [35] .
The addition of a slot on a patch antenna increases its electrical length (L) because the surface currents on the patch must travel a longer path, [35] . In turn, this decreases the resonant frequency of the patch, which is given by [50, p. 266]: Furthermore, if a short is placed across the slot, the modified effective electrical length of the patch is once again reduced as the short provides an additional path for the current to flow. This causes the resonant frequency to increase. It is important to note that the dimension of the slot must be calculated carefully to provide the proper frequency switching within the desired frequency band. The procedure for designing such an antenna is as follows. First, a typical patch antenna is designed at a frequency (930 MHz) that is slightly higher than the desired operating frequency of the antenna when the slot is shorted. Then, using a simulation study with ANSYS HFSS a slot is added to the patch that provides the desired low-frequency operating point within the RFID UHF band (e.g., 902 MHz).
In this research, we apply the above-mentioned concept and our antenna's frequency of operation is switched or controlled by a mechanical switch, which is placed across the patch's slot. Specifically, a passive mechanical single-pole double-throw (SPDT) switch, made by Omron Electronics, is used [37] . Therefore, this switch has three terminals (one input and two outputs) of which only two are utilized to establish either a conduction or isolation mode based on pressing or de-pressing the switch. Due to the SPDT functionality of the switch, the two terminals that are utilized in this design operate in an isolation mode when the switch is pressed (activated or ON) and in conduction mode when the switch is de-pressed (deactivated or OFF). Moreover, this switch does not need biasing as diodes and MEMs, and it is activated by our LCE array that responds to cold temperatures, thereby allowing a battery-free (i.e. passive) frequency-domain RFID temperature sensing tag. A diagram of the sensor setup is shown in Fig. 3 .
A. CO-SIMULATION SETUP AND ANTENNA DESIGN
In this section, the characterization and RF modeling of the switch is described, because it cannot be represented as a perfect short or open circuit at its two operating states. To measure the switch, a microstrip test fixture was designed as shown in Fig. 4 . Initially, the test fixture ( Fig. 4 top) is measured without the switch to calibrate its electrical length using the open-circuit auto-port extension feature of the E5061B Vector Network Analyzer (VNA). Then, the switch is connected to the fixture and measured on its ON and OFF states with the VNA, as shown in Fig. 4 (bottom) . Since the auto-port correction was used, our measurements are now referenced directly to the terminals of the switch and the effects of the test fixture have been de-embedded. The measurements are depicted in Fig. 5 , which shows that the switch's insertion loss at its ON and OFF states is approximately 12.5 dB and 2 dB, respectively. As mentioned in Section II.C, the ON (i.e., pressed) and OFF (i.e., de-pressed) states represent approximate open and short states, correspondingly.
To accommodate the switch's model in our simulation, the patch antenna is setup in ANSYS HFSS as a two-port network by placing an additional port across the slot, where the switch will be placed. Therefore, port 1 will be the ''feed'' port and port 2 will be the added ''slot'' port. After the antenna is simulated in ANSYS HFSS, its equivalent two-port network is exported to ANSYS Circuit Designer that is used to merge the antenna simulation results by HFSS and the measured performance of the switch using a co-simulation method [51] . Also, the s2p file corresponding to the measurements of the switch for each state is imported in ANSYS Circuit Designer and applied to the ''slot'' port, as shown in Figs. 6 and 7. Then, the response of the antenna at the feed port is examined at both ON and OFF states of the switch. Finally, a parametric sweep of the patch's slot length, width, and position is conducted in HFSS, refer to Fig. 7 . The performance of each design is then examined in ANSYS Circuit Designer with the switch model to find the design that can provide the desired frequency change between the two states of the switch. Specifically, the chosen design is based on how large the switching bandwidth is (it should be as large as possible but should not exceed the RFID UHF bandwidth which is 26 MHz) and the location of these two switching frequencies (should ideally be within the RFID band of 902-928 MHz). No design can simultaneously fulfill both criteria. Therefore, we choose the design that meets both criteria in the most optimal way. However, to compensate and allow the antenna to operate as ideally as possible, we design a two-stage matching network. The first stage of the matching network shifts the operating frequencies of the antenna to within the RFID band (i.e., 902-928 MHz). The second stage of the matching network matches the 50 response at the two operating frequencies to the conjugate input impedance of the RFID IC. The final design has the following dimensions: Slot Length: 34mm, Slot Position: 15mm, and Slot Width: 3mm (see Fig. 7 ). The frequency response of this design is depicted in Fig. 8 , which shows that the operational frequency of our antenna is 913.3 MHz and 888 MHz at the OFF and ON switch states, respectively. There is 25.3 MHz difference between the two frequencies of operation, which allows us to clearly decipher between the two states (i.e., we can reliably determine at which state the antenna works based on its frequency of operation). Notably, the antenna's frequency of operation at the ON state lies outside the RFID UHF band. Therefore, a frequency-shift is required and is achieved using a matching network, which is discussed in the following section. Thus far, it is important to note that we have derived an antenna design which operates at two desired frequencies, which are controlled by the switch.
V. INTEGRATION OF ANTENNA AND LCE ACTUATOR
Our antenna was fabricated on a ceramic polymer composite (Rogers TMM 13i) substrate with a high dielectric constant of 12.85. Subsequently, the switch was soldered across the slot. The prototype is shown in Fig. 9 . In this section, we integrate our novel cold-responsive LCE actuator array (shown in Figs. 1 and 2) with the switch connected to our antenna to enable passive temperature sensing. This is accomplished using a 3D printed housing for the LCE array, as shown in Fig. 10 . This housing includes two components: (a) an anchored frame that is attached to the base of the switch to provide a static reference for the LCE to apply a force against, and (b) a movable platform that is attached to the dynamic lever of the switch and serves as a platform for the LCE array. According to Section III, the displacement during actuation incurred by cold temperatures (approximately −9 • C) on the LCE array is only 1.5 mm. Therefore, our housing for the . 3D printed frame anchored to switch and array platform to support and translate the actuation of the LCE. a) The LCE is at its relaxed state and the switch is at its OFF (de-pressed or deactivated) state. (b) The LCE is actuated, pushing the switch to its ON (pressed or activated) state. Fig. 10 ) was designed accordingly so that the LCE actuator could reliably control the switch.
LCE array (shown in
The antenna was measured using the Agilent E5071C ENA at the two different states of the switch. The measurements are compared with the simulations in Fig. 8 and they exhibit good agreement thereby validating the accuracy of our co-simulation setup. The slight discrepancy between the measured and simulated results is attributed to the tolerance associated with the Rogers TMM13i substrate used in the design [48] . Also, the measured frequency switching bandwidth of the fabricated design is 24.7 MHz, which agrees well with the simulated one of 25.3 MHz. This bandwidth is slightly less than the RFID UHF bandwidth of 26 MHz, which ensures that the maximum PTC will occur for operating frequencies within the RFID UHF band.
VI. MATCHING NETWORK DESIGN
Thus far, we have designed a passive antenna which switches operating frequencies based on temperature. The design consists of a switch, which is actuated by novel LCEs and a customized slotted patch antenna. To complete the sensor design, we must address the following two design issues: (a) the antenna currently operates outside the RFID band in one of the switch's states, as shown in Fig. 8, and (b) the antenna impedance has not been matched to the conjugate of the RFID IC input impedance and this needs to be done at both the ON and OFF states of the switch. Here, we discuss a two-stage matching network, where the first and second stages address the design issues of (a) and (b), respectively. This method provides a systematic approach to successfully match the antenna to the RFID IC for both states of the switch.
A. FIRST STAGE MATCHING
It is helpful to first recognize that our antenna (see Fig. 9 ) behaves as two different antennas on a single platform. Specifically, when the switch is at its OFF state the antenna operates at 910.2 MHz, and when the switch is at its ON state the antenna operates at 885.5 MHz (see Fig. 8 ).
The goal of the first stage of the matching network is to shift the switching-bandwidth of the design to within the RFID operating band. The technique used here, involves the matching of the input load impedance at the desired operating frequency (e.g., a frequency within the RFID band) to 50 . However, since this design operates as two separate antennas, we must now apply this technique to two input impedance loads at the desired operating frequencies within the RFID UHF band, in this case at 927 MHz when the switch is OFF and 902 MHz when the switch is ON. These frequencies are chosen as they are 25 MHz apart; similar, to measured switching-bandwidth shown in Fig. 8 . Various techniques for matching complex loads to a real load at two different frequencies have been used; however, they are only applicable for operating frequencies that are largely separated [52] - [56] . Therefore, these techniques are not suitable for our case, where the switching-bandwidth is relatively narrow (e.g., 25 MHz). Consequently, since we cannot design a single matching network that operates simultaneously at both the chosen frequencies, we design the matching network using the average of the two frequencies (i.e., (927 + 902) 2 ≈ 915MHz). Since the bandwidth is relatively small (e.g., 25 MHz), this technique works well.
The complex input impedance of our antenna at the desired frequencies of operation are as follows:
1.338 + j8.939 at 927 MHz (switch OFF) (7) 1.079 + j7.444 at 902MHz (switch ON) (8) Notably, these two impedances are approximately equal. Therefore, the problem is simplified in that we only need to match one complex load to 50 . Furthermore, to accommodate the small difference, our matching network (shown in Fig. 11 ) is designed to provide matching for the average impedance of (7) and (8), i.e., 1.209 + j 8.192 , to a 50 load at the average frequency of 915 MHz. The S 11 of our antenna with this matching network is shown in Fig. 12 . These results confirm that the frequency response of our antenna has been shifted in the RFID UHF band for both states of the switch. It is also observed that the switching bandwidth has decreased from 25 MHz to approximately 18 MHz; however, this bandwidth is still acceptable as it is 70% of the RFID UHF band. This reduction in bandwidth occurs because the matching network cannot support the perfect matching at both 902 and 927 MHz simultaneously, as explained above.
B. SECOND STAGE MATCHING
The purpose of the second stage matching is to match the 50 output response (at the frequencies shown in Fig. 12 ) of the first stage to the conjugate of the complex load of the RFID IC, i.e., Z IC_CONJ = 18 + j164 . Similar to the design of the first-stage matching, we design the second matching stage at the average frequency of the output response of stage 1 (from Fig. 12 ) which is 915 MHz. The design of the second stage matching is shown in Fig. 13 .
C. FINAL IMPEDANCE MATCHING NETWORK DESIGN AND OPTIMIZATION WITH SIMULATION
The final layout of the two-stage matching network on a substrate with ε r = 12.85 is depicted in Fig. 14. The transmission line circuit is shortened using meandering [9, pp. 315-319] . Also, the lengths of the transmission lines are optimized using simulation to maximize both the PTC and the switching-bandwidth. Fig. 15 shows the PTC of our Fig. 16 . Version A was fabricated with an IPX miniature (male) port and version B incorporates the RFID IC. Version A was used to test the performance of the matching network using a VNA. Version B was used to test the RFID performance of our sensor.
A coaxial cable with an SMA connector on one end and an IPX connector on the other end is used to connect version A of our prototyped matching network to the VNA. However, this requires calibration, which is accomplished by using our custom IPX open, short and load calibration kit. For the open standard, the port was simply left open. For the short standard, the terminals of the port were soldered (i.e., shorted). Finally, for the load standard, a precision high-frequency surface-mounted 50 resistor was connected between the terminals of the ports [57] . The custom calibration standards along with the VNA calibration setup are shown in Fig. 17 .
Once the calibration was performed, the IPX cable was attached to our matching network that was also connected to the antenna, as shown in Fig. 18 . After taking the VNA measurements for both states of the switch and using (5), the PTC was calculated and plotted in Fig. 19 . As seen, these measured and simulated results agree well. However, there exists a slight shift in the operating frequencies (904 MHz when the switch is OFF and 922.1 MHz when the switch ON) along with a small decrease in the PTC. This is attributed to the male SMA PCB connector used to connect the matching network to the antenna (which could not be accounted for in the calibration process) and due to the tolerance associated with the Rogers TMM13i substrate, which was used to design both the antenna and matching network. 
VII. FINAL DESIGN AND RFID PERFORMANCE TESTING
Here, we assemble the complete RFID temperature sensor by combining the designed antenna with the fabricated matching network, which includes the RFID IC that is shown in Fig. 16(b) . An enclosure is fabricated to support the antenna structure and the complete sensor is depicted in Fig. 20 .
To test the performance of the proposed sensor, we conduct three experiments. In the first one, we use the ThingMagic Pro RFID reader to test the frequency shifting capability of the proposed sensor at the two states of the switch (i.e., in this static test, the switch is actuated manually). In the second one, we validate the temperature-dependent frequency shifting capability using the cold-responsive LCE actuation with a VNA. In the third one, we perform RFID measurements with the proposed sensor in a cold-temperature environment to demonstrate operation in actual working conditions. Finally, in the first and last experiments the test is repeated three times to show consistent operability of the proposed sensor design. A conceptual diagram of the RFID measurement setup is depicted in Fig. 21 . A linearly polarized double-ridge horn antenna with 7 dBi gain is connected to the RFID reader [58] . Both the reader and the proposed sensor (linearly polarized) are oriented with vertical polarizations. Finally, the RFID measurements are taken as follows. The power of the RFID reader is increased in increments of 0.1 dBm until the threshold power of the RFID IC is reached. The threshold power is identified as the minimum power level at which data begins to be retrieved from the temperature sensor [9, pp. 70-77] , [27] , [59] . The measured threshold power at which the developed sensor responds is recorded and this procedure is conducted for every frequency in increments of 1 MHz in the 902 to 928 MHz band. The frequency at which the least transmitted power is required to receive data from the tag is therefore the operating frequency.
A. RFID STATIC TESTING
In this section, the switch is actuated manually. The proposed sensor is placed 0.762 m directly in line-of-sight of the reader antenna. The RFID test setup is shown in Fig. 22 . The proposed sensor was tested three times for both switch states.
The measured results when the switch is OFF (not pressed or deactivated) are shown in Fig. 23 . It is seen that the frequency at which the proposed sensor responds with the minimum transmitted power is at approximately 921 MHz, which agrees with the results of Fig. 19 . The measured results when the switch is ON (pressed or activated) are shown in Fig. 24 . It is seen that the frequency at which the proposed sensor responds with the minimum transmitted power is at approximately 902 MHz, which again agrees with the results of Fig. 19 .
Furthermore, the PTC plots in Fig. 19 , show that better matching is achieved when the switch is activated. However, according to Fig. 24 , the associated transmitted power required to turn on and read our sensor is higher when the switch is activated. This is expected because the PTC curves in Fig. 19 do not account for the radiation efficiency of the antenna. In fact, according to [60] , the radiation efficiency is linearly related to the frequency for a rectangular patch antenna on an electrically thin substrate (with substrate thickness of approximately 1.27 mm and permittivity of 12.85). That is, as frequency increases the radiation efficiency increases. Therefore, more transmitted power is required to turn on and read the sensor for the activated switch-state since it operates at a lower frequency (Fig. 24) ; even though the matching is better at the activated switch-state ( Fig. 19) .
B. FREQUENCY SHIFTING USING LCE
In this section, we expose the antenna with the LCE and its support (as shown in Fig. 10) to cold temperatures to demonstrate the switch's actuation by our proposed LCE. Hence, in this experiment no matching network was used for the antenna and the measurements were taken directly at the output of the antenna. First, the antenna was connected to an Agilent N9923A FieldFox Vector Network analyzer and a measurement was taken at room temperature. This setup is depicted in Fig. 25 where the recorded temperature was 29 • C (i.e., 84 o F) at the operating frequency of 910 MHz. Subsequently, the antenna was disconnected from the VNA and it was placed inside a freezer along with a digital thermometer. When the temperature threshold of the LCE was reached (e.g., approximately −9 • C), the antenna was removed from the freezer and re-connected to the VNA. This setup is shown in Fig. 26 , where the recorded temperature was −9 • C (i.e., 16 o F). Our measurements confirmed that the LCE successfully actuates and triggers the switch, which causes the operating frequency of our tag to shift from 910 MHz to 882 MHz. It is important to note that due to the cold surface of the antenna cooling the surrounding air, condensation is formed on the metallic patch [61] . As a result, in reference to Fig. 8 , this caused a slight shift in the initial operating frequency, which was 885 MHz. Furthermore, as the LCE returns to its relaxed state, the switch automatically deactivates, and the antenna returns to its initial operating frequency, as shown in Fig. 25 .
C. RFID DYNAMIC TESTING
In this section, we expose the proposed sensor to coldtemperatures and perform an RFID measurement. The purpose of this measurement is to demonstrate the successful operation (automatic frequency switching ability using an RFID reader) of the sensor in realistic environmental conditions. Similar to the procedure in the previous section, our sensor is placed inside a freezer until the temperature reaches approximately −9 • C. Subsequently, the sensor is placed on the test platform, as shown in Fig. 27 . In this case, the LCE has been cooled to −17 • C and has triggered the switch. The corresponding RFID measurements indicate that the sensor responds at 902 MHz as the transmitted power is minimum at this frequency, refer to Fig. 28 .
Shortly after, as the temperature raises to the ambient temperature of 28 • C, the LCE returns to its relaxed state (without any external intervention), refer to Fig. 29 . Consequently, the corresponding RFID measurements indicate that the minimum transmitted power required to receive a response back from the proposed sensor is at approximately 921 MHz (see Fig. 30 ). These dynamic RFID measurements agree well with the static RFID measurements from Section VII.A. Also, these measurements agree with the VNA measurements shown in Fig. 19 . Moreover, these measurements indicate that our design methodology (e.g., the patch antenna with slot that is integrated with a switch and a matching network) works correctly. Notably, the novelty of our passive sensor lies on its autonomous (i.e., no intervention is required), passive (i.e., battery-free) and continuous (i.e., operates through many temperature cycles) operation, which is achieved using our novel cold-responsive and reversible LCE technology to actuate the switch.
VIII. CONCLUSION
The current technologies available for monitoring essential foods and medications in the cold supply chain consist of data-loggers, active-devices, or sensors that require resetting. Consequently, these technologies have limitations as they will not provide real-time data, will require repetitive battery changes, will need resetting or will not relay continuous data. Hence, the limitations of such technologies can potentially lead to wasted fresh-food products in the CSC. For these reasons, we developed a new sensor design, which conveys changes in temperature through controlled shifts in the operating frequency within the RFID UHF band. The proposed design is a real-time and purely-passive RFID temperature sensor that can operate autonomously and continuously. Specifically, when a temperature threshold violation occurs, the operating frequency of our sensor shifts. Also, when the temperature is restored, the operating frequency is restored as well without any intervention. Notably, our sensor has the capability to operate through multiple (room-to-cold and cold-to-room) temperature cycles thereby providing critical information about the temperatures that products are exposed to in the cold supply chain. This enables intelligent decision making for accepting of rejecting goods (i.e., foods and medications) based on real-time data, which can minimize waste of goods as well as prevent spoiled goods reaching the market.
The proposed sensor consists of a patch antenna with a slot integrated with a mechanical switch connected across its slot. Moreover, the switch is activated using state-of-the-art 4D printed cold-responsive LCEs. The LCE actuator is designed in a triangular array configuration to provide maximum force.
Also, the theory and operational mechanics of LCEs was presented and the reversible operation of LCEs was demonstrated. Moreover, the design process for our antenna and its matching network (which provides good matching at two closely spaced frequencies) was discussed. The operation of our RFID sensor was verified through various test setups. Finally, the measured and simulations agreed very well thereby validating our design procedure.
